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The kinetic energy dependences o f the reactions o f Fe^ with COS (n =  2 -6 )  and CS2 (n =  2 -5 )  
are studied in a guided-ion beam tandem mass-spectrometer. The main products arise from sulfur 
transfer and subsequent losses o f Fe atoms. In the case o f CS2, this reactant also formally replaces 
one Fe atom o f the cluster to form Fen 1 CS2 w ith losses o f further Fe atoms at elevated energies. 
In addition, the kinetic energy dependences o f the reactions o f FenS+ ( n =  2 -4 )  w ith Xe and CS2 
are studied. The former system yields collision-induced dissociations, whereas the latter reagent 
effects sulfur transfer accompanied by subsequent losses o f Fe atoms. Analyses o f the cross sections 
for endothermic reactions yield the bond energies D 0(F e ^ -S ), n =  2 -5 , D 0(S F e ^ j-F e ) ,  n 
=  2 -5 , D 0(S F e ^ -S ), n =  1 -3 , and D 0(S2F e^_ j-F e ), n =  2, 3, as well as the ionization energy 
IE(Fe2S2). These values are derived with explicit consideration o f the lifetimes o f the energized 
reaction intermediates. The binding between sulfur and the cluster core strengthens as the cluster 
size increases, which is rationalized by simple structural arguments. © 2002 American Institute o f 
Physics. [DOI: 10.1063/1.1518004]
I. INTRODUCTION
Iron-sulfur clusters are certainly among the most fasci­
nating transition-metal species found in biological systems. 
Their appeal arises from the combination o f structural sim­
plicity, in the eyes o f a chemist even beauty, w ith their im ­
portance in numerous biological processes. Nature has cho­
sen iron-su lfur clusters like 2Fe-2S , 3Fe-4S , 4Fe-4S , 
and the FeMo cofactor o f nitrogenase as active centers in the 
so-called ferredoxins, proteins crucially involved in electron- 
transfer reactions occurring in photosynthesis, respiration, 
and nitrogen fixation.1-4 Besides the pivotal role in b iologi­
cal redox processes, iron-su lfur clusters are increasingly rec­
ognized to catalyze dehydration reactions, to regulate meta­
bolic pathways, to act as biological sensors for Fe, O2 , and 
O2 ), and to stabilize protein structures.5
The great progress made in the characterization o f biog- 
enous iron-su lfur clusters in the last decades was only pos­
sible thanks to truly interdisciplinary efforts o f biology, bio­
chemistry, spectroscopic, and diffractometric methods. 
However, understanding the chemistry o f these species does 
not only require knowledge o f their structures, but also o f 
their energetics.
The determination o f thermochemical data o f size- 
selected metal clusters lies largely in the domain o f gas- 
phase techniques. These methods probe intrinsic properties 
o f the species under investigation while deliberately avoiding 
the complicating influences o f counterions, ligands, and sol­
vents. Thus, the experimental results are directly comparable 
w ith data obtained in theoretical studies. Concerning iro n - 
sulfur clusters, the thermochemical knowledge is still rather 
limited. Photoelectron spectroscopy o f the anionic clusters 
FenSm (n, m =  1 - 6) provided electron affinities and vertical 
detachment energies.6,7 For FeS, the first and second ioniza­
tion energies (IEs) were determined by different mass spec- 
trometric methods and ab in itio  calculations.8 Mass spectro- 
metric investigations also provided the ionization energy of 
FeS2.9 Several experimental studies have obtained bond- 
dissociation energies (BDEs) for FeSm ,9-11 but only little  
information is available for clusters with more than one iron 
atom.12 However, recent theoretical work investigated the 
thermochemical properties o f the Fe2S+/0/_ and Fe2S2/0/~ 
species.13,14 The relative stabilities o f the clusters FenSm/0/~ 
are o f particular interest because there might exist a correla­
tion w ith their biological activity. Indeed, the relative abun­
dance o f both cationic and anionic clusters produced by 
laser-vaporization sources indicates an enhanced stability for 
n***m .6,15-17 I f  this finding were valid for physiological me­
dia as well, one could speculate that nature’s usage o f iro n - 
sulfur clusters in biological systems might not only have 
been driven by their special structural and electronic features 
but also by a comparatively ready availability. Such conclu­
sions may be important, considering that iron-su lfur clusters 
have been assigned a central role in the evolution o f life .18-20
A  particularly valuable tool in ion thermochemistry is 
the guided ion beam (G IB  tandem mass spectrometry 
technique.21-23 I t  has been successfully applied in the ther­
mochemical characterization o f cationic iron clusters Fen 
themselves24,25 and some o f their derivatives.26-29 Equally 
important, it has also been used to determine the BDEs of 
FeS and FeS2 by measuring the reaction enthalpies o f sul­
fur transfer from carbon disulfide, CS2, to Fe+ and FeS+, 
respectively.9 These results fu lly  agreed with equilibrium 
measurements performed in a Fourier transform ion- 
cyclotron resonance mass-spectrometer.9
The present work aims to extend our previous studies of 
mononuclear iron sulfides to small cationic iron clusters. It
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has already been shown that iron-su lfur clusters FeKS^ are 
formed by the reaction o f Fe^ with CS2 in the gas phase.17 
Here, such sulfur-transfer reactions are used to determine 
iron-su lfur BDEs, applying both COS and CS2 as sulfur- 
transfer reagents. Additionally, the collision-induced disso­
ciation (C ID  o f FeBS+ clusters is investigated.
II. EXPERIMENTAL DETAILS
The ion beam apparatus used in this work has been de­
scribed in detail elsewhere.30 The formation o f bare iron- 
cluster cations Fe^ is achieved by laser vaporization/ 
ionization and ensuing supersonic expansion.31 Briefly, a 
copper vapor laser (Oxford ACL-35, 511 and 578 nm, 8 kHz 
repetition rate, 3 -4  mJ/pulse) is focused onto a rotating and 
translating iron rod cold-rolled steel . The plasma thus cre­
ated is entrained in a continuous flow (5000-6000 sccm) o f 
helium. Clustering o f the iron atoms and ions occurs in a 2 
mm diam and 63 mm long condensation tube immediately 
follow ing the target where the ions undergo approximately 
105 collisions with He atoms. The gas mixture then expands 
into a field-free region and is skimmed. The expansion fur­
ther cools the internal modes o f the clusters so that these are 
assumed to be thermalized to 298 k .24,32,33 The generation of 
binary cluster ions Fe„S^ occurs in basically the same way 
when CS2 is added to the He flow. For achieving a sufficient 
and steady intensity o f binary cluster ions, careful control o f 
the partial pressure o f CS2 is very important.
The positively charged ions are extracted from  the 
source, injected into a magnetic sector-momentum analyzer, 
decelerated to a desired kinetic energy, and focused into a 
radio-frequency ( r f  octopole ion-guide.34,35 A  section o f the 
octopole is surrounded by the reaction cell where the neutral 
gas (COS or CS2 for sulfur-transfer reactions and Xe for 
CID) is introduced. The pressure o f the neutral reagent is 
kept relatively low («* 1-20 mPa) to reduce the probability o f 
multiple collisions. For excluding or probing such multiple 
collisions, a ll reactions studied were conducted at two or 
more different pressures o f the neutral reactants. While being 
trapped in  the steep radial potential w ell created by the r f  
electric fields, the product and remaining reactant ions drift 
to the end o f the octopole. The ions then are extracted and 
injected into a quadrupole mass filter for mass analysis. F i­
nally, the ion intensities are measured with a Daly detector36 
coupled w ith standard pulse counting techniques. Reactant- 
ion intensities used in  this work were typically 0.2- 1.0 
X106 ionss_1. Observed product-ion intensities are con­
verted to absolute reaction cross sections on the basis o f the 
4 collection characteristics o f the octopole, as detailed 
elsewhere.37 Absolute errors in the cross sections are esti­
mated at approximately 30%.
CID experiments were performed to verify the identity 
o f the ionic reactants and to ensure the absence o f any ex­
cessive internal excitation. The former especially proved 
necessary in the case o f the binary FeK S^ cluster ions be­
cause o f isobaric interferences. For instance, setting the mag­
netic sector-momentum analyzer at the nominal mass o f 
Fe2S2 , m/ z =  176, the CID products indicated the presence 
o f both the desired Fe2S^ ions and [Fe,C2,S3] + , because
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m (Fe) =  m (C2,S). Analogous interferences continue for 
larger clusters, so only binary reactant ions containing a 
single sulfur atom, FeKS+ , were further investigated. For 
these, the absence o f the isobaric dioxides, Fe„O^ , had also 
to be ensured. To this end, Fe4O2 was produced deliberately 
by adding oxygen instead o f CS2 to the He flow. The CID 
spectra o f both Fe4O2 and Fe4S+ were compared at m/z 
=  128, which can be unambiguously assigned to Fe2O+ . 
From the ratio o f cross sections, the presence o f 2% Fe4O2 
in the Fe4S+ beam was inferred. For Fe2S+ and Fe3S+ , 
similarly small contaminations were assumed and considered 
negligible in the further analysis.
Data collection for each reaction system was repeated 
several times to ensure reproducibility o f results. The abso­
lute zero in the kinetic energy scale o f the ions and their 
Gaussian shaped energy distributions were measured using 
the octopole as a retarding energy analyzer.37 The fu ll width 
at half maximum o f the distributions varied with cluster size 
from  0.7 to 1.0 eV. The uncertainty in the absolute energy 
scale is ±0.05 eV (lab . Kinetic energies in the laboratory 
frame lab are converted to energies in the center-of-mass 
(C M  frame according to the stationary target approximation
E( CM) =  E (la b )x  M /(M  +  m ), (1)
where M  and m are the masses o f the neutral and ionic reac­
tants, respectively.37 Unless stated otherwise, a ll energies 
quoted in the follow ing correspond to the CM frame.
III. DATA ANALYSIS
The quantitative analysis o f the energy dependence of 
reaction cross sections a (E ) utilizes Eq. (2),
° (E )  =  a c X  g A E + E i - E 0)N/E , (2)
i
where E  is the relative collision energy, E 0 is the reaction 
threshold at 0 K, <r0 is an energy independent scaling factor, 
and N  is an adjustable parameter (N =  1 in the lim it o f hard 
sphere collisions that describes the energy deposition 
distribution.38 The summation is over the rovibrational states 
o f the reactants having energies Ei and populations gi , 
where £  g { =  1. The relative reactivities o f all rovibrational 
states, as reflected by 0 and N , are assumed to be equiva­
lent. The Beyer-Swinehart algorithm is used to evaluate the 
density o f rovibrational states,39-41 and the relative popula­
tions gi are calculated according to M axwell-Boltzmann dis­
tributions.
For metal clusters, lifetime effects become important as 
the cluster size increases and have to be explicitly treated for 
the extraction o f accurate thermochemical data from thresh­
old experiments.21,22,42,43 Because o f the high number o f eas­
ily  accessible rovibrational states, energy redistribution in the 
transient intermediate is assumed to be very effective. Hence, 
the lifetime o f the metastable intermediate, the so-called en­
ergized molecule EM  , can exceed the experimental time 
window about 10 4 s in  the apparatus used available to 
the reaction. This results in a kinetic shift o f the experimental 
threshold towards energies higher than the thermochemical 
endothermicity. To statistically account for this phenomenon,
Koszinowski e t al.
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the Rice-Ramsperger-Kassel-Marcus (RRKM) theory44 46 
is incorporated into Eq. (2). For simple CID reactions, this 
yields Eq. (3),47
c e t - e 0
o - ( £ ) = S  g ;( N a 0/E ) ( A E f - 1
i JO
X [ l -  e- k ET-\E ) r^^ ^ . (3)
Here, E T=  E + E i is the total energy available to the reac­
ta n ts ^  E  is the energy remaining in translation after the 
collision between the reactants, k (E T— A E ) is the unimo- 
lecular rate constant, and all other parameters are the same as 
in Eq. (2). Defining the internal energy o f the EM, E * =  E T
-  A E , the unimolecular rate constant k (E T— A E ) =  k (E * )  is 
given as
k{E  * )  =  s N l / E  * -  E  „ ) /  hp E  * ) ,  (4)
where s is the reaction degeneracy44 46 (in this work, s is 
assumed to equal the cluster size n for the reactions o f inter­
est), N l  r( E * — E 0) is the sum o f rovibrational states o f the 
TS at an energy E * — E 0 above the dissociation energy E 0, h 
is Planck’s constant, and p „,r(E * )  is the rovibrational den­
sity o f states o f the EM at the energy available, E  * . A  modi­
fication o f this approach to account fo r slightly more com­
plex reaction mechanisms is discussed below.
After convoluting both the kinetic energy distribution o f 
the ion beam and the thermal motion o f the neutral target gas 
into Eq. (2) or (3), the model is compared to the experimen­
tal data. To this end, 0 , N , and E 0 are optimized to best 
reproduce the experimental cross sections using a least 
squares criterion. The model applied explicitly accounts fo r 
the rovibrational energy o f the reactants and includes the 
assumption that all o f the internal energy is capable o f cou­
pling into the reaction coordinate. The thresholds derived 
from  modeling the experimental data therefore correspond to 
the formation o f products w ith no internal excitation, i.e., 
w ith an effective temperature o f 0 K.
The model neglects possible electronic excitations. 
These may be present in the case o f transition-metal clusters 
which are assumed to possess a manifold o f different elec­
tronic states w ith low energy spacings. The effects o f such 
electronic excitations on CID thresholds have scarcely been 
investigated. Shvartsburg et al. addressed the incorporation 
o f electronic degrees o f freedom into RRKM  theory to de­
scribe the unimolecular decomposition o f metal clusters.48 
Basically, they find that extending the system’s density of 
states reduces the unimolecular rate constant and, thus, en­
larges the kinetic shift o f the energy threshold because accu­
mulation o f the required energy in the reaction mode be­
comes less probable. However, this effect appeared to be 
small for clusters M ^  w ith n*s 10. In the photodissociation 
o f A ll0 , fo r example, consideration o f electronically excited 
states causes the threshold to shift by AE01= 0.02eV .48 
Therefore, neglecting excited electronic states is assumed not 
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F I G .  1. M a in -p ro d u c t  c r o s s  se c t io n s  f o r  th e  re a c t io n  o f  F e J  w ith  C O S  a s  a  
fu n c t io n  o f  c e n te r -o f-m a ss  e n e r g y  ( lo w e r  a x is )  a n d  la b o r a to r y  e n e r g y  (u p p e r 
a x is ) .  F e 2S j  i s  fo r m e d  v i a  m u lt ip le  c o l l is io n s .
IV. RESULTS 
A. Q ualita tive ana lys is  o f c ross sections
The reactions o f Fe^ w ith COS (n =  2 -6 )  and w ith CS2 
( n =  2 -5 )  as well as the reactions o f FenS+ (n =  2 -4 )  with 
Xe and w ith CS2 were studied varying the kinetic energies 
from  0 to about 10 eV in the center-of-mass frame. The 
corresponding reactions o f Fe+ and FeS+ with COS and CS2 
have already been reported in the literature.9,49
1. R e a c t i o n s  o f  Fe%  w i th  C O S
The reaction o f Fe2 w ith COS leads to Fe2S+ as the 
main cationic product over an energy range from  0.2 to 4 eV 
in reaction 5 ,
Fe2 +  COS—>Fe2S+ +  CO. (5)
This seemingly simple sulfur transfer clearly shows a bimo- 
dal shape Fig. 1 . A t low energies, the declining cross sec­
tion indicates an exothermic reaction and thus that 
D 0(Fe2+ - S ) > D 0(O C -S ) =  3.14eV (Table p .50,51 A t about 
0.7 eV, the cross section starts to rise, which implies that a 
second pathway is operative. Composite cross sections could 
arise from  the involvement o f different structural isomers or 
electronic states o f reactants or products as well as compet­
ing reaction mechanisms. However, because bimodal behav­
ior is also observed in the analogous reactions o f larger Fen
T A B L E  I . B o n d  d is s o c ia t io n  e n e r g ie s  ( B D E s )  o f  F e ^  , F e C S + a n d  C X S
(x = o , s .
B o n d D 0 / e V a B o n d D0 / e V b
eF1eF 2.78± 0.10 SC1eF 2.4^ 0. 12c
eF1eF 1.75± 0.12
F e ^ - F e 2.23± 0.20 O C - S 3.140± 0.005
F e ^ - F e 2.70± 0.23 S C - O 6.8^ 0.04
F e ^ - F e 3.27± 0.25 S C - S 4.50 0.04
“R e fe r e n c e s  24, 25. 
bR e fe r e n c e  49. 
cR e fe r e n c e  9.
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clusters with COS and CS2 (see below) as well as CO2 , 28 a 
rather general origin that is basically independent o f the very 
nature o f the metal center appears plausible. The dissociation 
o f CXY (* 2 ) species (X, Y = O , S) can provide products 
differing in their electronic states according to reactions (6 a) 
and (6b ,
C X Y ^ S J -^ C X ^ S H Y ^ P ). (6 a)
-► C X ^ S H Y ^ D ). (6 b)
Reaction 6 a yields products in their electronic ground 
states and, thus, is the energetically less demanding process 
but requires spin-inversion which may reduce its efficiency. 
Such a restriction does not exist for reaction 6 b so that this 
process should be favored once sufficient energy is provided 
(the 3P - 1D  splitting o f atomic sulfur amounts to 1.15 eV ) .52 
Although the situation is presumably more complicated in 
the presence of a metal center, reactions 6 a and 6 b may 
still serve to describe the basic features.
At about 2.5 eV, the cross section o f Fe2S + starts to 
decline again while simultaneously the ionic products Fe+ 
and FeS emerge and the total cross section remains con­
stant at about 7 A2. Obviously, Fe2S+ formed at this energy 
is no longer stable and decays in secondary reactions, reac­
tions 7a and 7b , respectively,
Fe2+ +  COS->FeaS+ +  CO—>Fe+ +  FeS +  CO (7a)
FeS Fe CO. 7b
The formation o f neutral FeS, which has a bond energy of
3.31 ± 0 .15  eV,53 rather than o f separated Fe and S atoms can 
be safely inferred from thermochemical considerations as the 
latter products cannot be formed until 5 .92± 0 .10  eV (Table 
p . The threshold of the Fe+ channel rises earlier than that of 
FeS + , in agreement with the higher ionization energy o f FeS 
(IE (F eS )=8.3±0.3  eV) (Ref. 8  compared to Fe (IE(Fe) 
= 7 .90  eV ) .54 With respect to the neutral products concomi­
tant with the latter, bond formation between Fe and CO is 
also possible; however, because o f the high effective tem­
perature in the transient energized molecule (E M , loss o f the 
weakly bound FeCO species [D  298(F e-C O ) =  0.35 
± 0 .1 5 e V ,55 0 .46± 0 .16  eV (Ref. 56)] rather than separated 
Fe and CO appears unlikely. Note that Fe+ may also result 
from simple CID of Fe2 above 2.78 ± 0 .1 0  eV.
Fe2O+ is another product formed from the Fe^/COS 
system, reaction 8 ,
Fe2+ +  C O S^-Fe2O+ +  CS. (8 )
The oxygen transfer is endothermic and less efficient than its 
sulfur counterpart by more than two orders o f magnitude 
with a maximum cross section o f <rmax(Fe2O+) s s 0.04 A 2 
(off scale in Fig. 1) and an apparent threshold of E 0 
«  2.0 eV. This simply reflects the difference in the two dif­
ferent BDEs o f COS (Table I).
In contrast to the products formed in reactions 5 , 7 
and 8 , the Fe2S2 ion Fig. 1 is attributed to the occurrence 
of multiple collisions, which manifest themselves in a 
marked pressure dependence o f the product’s cross section. 
Its steeply falling shape further suggests that the reaction, 
Fe2S+ +  C O S^-Fe2S^ +  CO, is exothermic. The notable in-
0 10 20 30
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FIG. 2. Main-product cross sections for the reaction of Fe3 with COS as a 
function of center-of-mass energy (lower axis) and laboratory energy (upper 
axis . For minor products observed, see text.
terference o f the termolecular Fe2S2 product also implies 
that this second sulfur transfer from COS to the Fe2 cluster 
is faster than the first one, reaction 5 .
The reaction between Fe3 and COS results in a primary 
sulfur transfer, reaction 9 ,
Fe3 +  COS—>Fe3S + +  CO, (9)
which is exothermic like in the case o f Fe2 but much more 
efficient Fig. 2 . Careful inspection o f the product’s cross 
section shows that its decrease does not follow  a simple 
power law as one would generally expect for an exothermic 
reaction but that its negative slope almost vanishes about 2 
eV. This behavior might indicate the presence of a second, 
endothermic process like in the case of reaction 5 . The data 
are consistent with such a process having a similar magni­
tude as that o f the Fe2 /COS system, but are obscured by the 
much more efficient exothermic channel in the Fe3 /COS 
system. The Fe2S + ion is assigned to be a secondary product 
stemming from the decay o f the primary Fe3S + product [re­
action 10 ,
Fe3+ +  COS—>Fe3S + +  C O ^-Fe2S+ +  F e+  CO. (10)
Fe2 results from simple CID as the apparent threshold o f this 
channel is in agreement with D 0( F e 2 - F e )=  1 .7 5 ± 0 .1 2 eV  
Table I . From the Fe2 /COS system, the Fe and FeS ions 
are already known as dissociation products o f Fe2S + having 
excess energy. Thus, these species are termed as tertiary 
products formed in reactions ( 11a) and ( 11b), respectively,
Fe3+ +  COS—>Fe3S + +  C O ^-Fe2S+ +  F e+  CO
Fe FeS Fe CO 11a
—>FeS+ +  2F e+ C O . (11b)
Again, the formation o f Fe is favored compared to that of 
FeS+ . At energies higher than D 0(F e J -F e )  +  D 0(Fe+ -F e )  
=  4.53 ±  0.16 eV (Table I), Fe+ can also result from simple 
CID o f Fe3 , a process that presumably contributes to the 
relative magnitude o f the Fe cross section. The only prod­
uct arising from oxygen transfer is Fe2O+ . Its formation is 
endothermic and not efficient [ o-max(Fe2O+ ) ^ 0.6 A2, omit-
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FIG. 3. Main-product cross sections for the reaction of FeJ with COS as a 
function of center-of-mass energy (lower axis) and laboratory energy (upper 
axis). For CID and minor products observed, see text.
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FIG. 4. Product cross sections for the reaction of Fe2 with CS2 as a function 
of center-of-mass energy lower axis and laboratory energy upper axis . 
Fe2CS2 and Fe2S2 are formed via multiple collisions.
ted in Fig. 2, apparent threshold 3.0 eV . At low energies, 
Fe2S2  , Fe3S j  , and Fe3S3  are also observed and show pres­
sure dependent cross sections, confirming their formation in 
multiple collisions omitted in Fig. 2 . In all cases, these 
cross sections show no obvious barriers, suggesting that each 
o f these consecutive reactions is therefore almost certainly 
exothermic.
The Fe^/COS systems, ra =  4 - 6 ,  resemble each other 
very much. The primary sulfur-transfer reactions ( 1 2  (x
0 ),
FeB+ +  COS—>FeB_x S+ + x  F e+C O . (12)
are exothermic and show varying degrees o f composite be­
havior (exemplified in Fig. 3 for ra =  6 ), i.e., both exothermic 
reactivity as w ell as a cross section feature at higher energies 
that can be assigned to a kinetically favored, but endothermic 
process. At elevated energies, successively secondary and 
tertiary reactions occur, reaction 12  with x  1 and 2 , re­
spectively. For Fe5 and Fe6 , even the formally quaternary 
products yielding Fe„_3S + are observed, reaction (12) with 
x  3. The different channels have approximately equidistant 
thresholds, clearly suggesting sequential losses o f Fe atoms.
The secondary sulfur-transfers, reaction 12 with x  1, 
show small nonzero cross sections at thermal energies Fig.
3 . These tails cannot arise from reactions with O2 as a con­
taminant, because other products would have been seen and 
the energy dependences of the cross sections observed would 
have been different see below . Instead, the tails might in­
dicate the presence o f small amounts o f excited Fe^ ions 
having sufficient energy to undergo these reactions at ther­
mal energies. Prior to threshold analyses, these tails were 
fitted and subtracted from the measured cross sections.
Oxygen transfers from COS result in the endothermic 
formations o f Fe„_ and Fe„_2O+ with low efficiencies 
(crmax< 0 .5  A 2). Additionally, CID products (Fe*_x , x 
=  1 - 3  for ra =  4 and x =  1,2 for ra =  5,6) are observed, along 
with exothermic formation o f products resulting from mul­
tiple collisions. In the Fe4 /COS system, for example, 
Fe4S2  , Fe4S3  , Fe4S^ , Fe3S2  , and Fe3S^ show strongly 
pressure dependent cross sections.
2. R e a c tio n s  o f  F e % w ith  C S 2
The reactions observed in the Fe2 /C S 2 system are 
closely related to those occurring between Fe2 and COS. 
Again, Fe2S+ is the main product observed over an energy 
range from 0.2 to 4 eV (Fig. 4). However, its rising cross 
section at low  energies indicates a slightly endothermic pri­
mary sulfur transfer, reaction 13 ,
Fe2+ +  CS2^ F e 2S+ +  CS. (13)
This different behavior reflects the higher C -S  bond strength 
o f CS2 compared to COS and provides an upper limit for the 
BDE o f Fe2S+ according to D 0( F e ^ - S ) < D 0(S C -S )  
=  4 .5 0 ± 0 .0 4 e V  (Table I). At medium energies ( 2 -4  eV), 
the second feature comparable to that observed in the 
Fe2/CO S system contributes to the Fe2S+ channel. Above 4 
eV, the Fe2S + cross section declines giving way to the sec­
ondary products Fe and FeS , respectively. The Fe chan­
nel emerges before the Fe2S + cross section begins to decline, 
a result that is attributed to simple CID at energies above 
D 0(Fe+ -F e )  =  2 .78± 0 .1 0 eV (Table I). At energies below 1 
eV, the Fe cross section shows yet another, rather minor 
feature whose energy dependence indicates an exothermic 
process. However, no substantially exothermic reaction be­
tween Fe2 and CS2 yielding Fe+ seems feasible. Further 
CID experiments employing X e as collision gas excluded the 
presence o f electronically excited Fe2 in the ion beam. Thus, 
the exothermic Fe feature is tentatively ascribed to the re­
action of Fe2 with residual O2 in the collision volume, a 
process known to exothermically give rise to Fe and neutral 
FeO2 . 57 From the known cross section o f this reaction at 
thermal energies,57 the O2 fraction in the present experiment 
can be estimated at =£0.3%o. This value is low enough to not 
affect the cross sections o f the other reactions.
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FIG. 5. Main-product cross sections for the reaction of Fe3 with CS2 as a 
function of center-of-mass energy lower axis and laboratory energy upper 
axis . For minor products observed, see text. a Sulfur-transfer reactions. 
b Other reactions.
The cross sections o f the remaining products, Fe2S2 and 
the formal adduct Fe2CS2 , are both pressure-dependent sug­
gesting their formation via multiple collisions. Although 
Fe2S2 also was observed in the system Fe2 /COS, the 
equivalent o f Fe2C Sj did not occur. Apparently, Fe2COS+ 
has a lowered probability to undergo termolecular stabiliza­
tion because D 0(S F e J -C O )< D 0(S F e^ -C S ). Another ra­
tionale for this observation might be that some amount of 
Fe2CS2 is formed with an intact CS2 ligand whereas the 
lower C -S  bond strength in COS strongly favors facile 
sulfur-atom-transfer followed by loss o f the carbonyl ligand.
The reaction between Fe3 and CS2 (Fig. 5) yields Fe3S+ 
as the primary product of an exothermic sulfur transfer, re­
action 14 with x  0,
Fe3 CS2 Fe3 xS x Fe CS. 14
At higher energies, the secondary product Fe2S + and then 
the tertiary product FeS emerge, reaction 14 with x  1 
and 2, respectively. Although the BDE o f a hypothetical 
product FeCS is not known, in analogy with FeCO see 
above , a weak binding between neutral Fe and a CS ligand 
is expected, such that formation o f FeCS is deemed improb­
able compared to that of separated Fe and CS. The main 
product at low energies is Fe2C Sj , formed in reaction (15a), 
which has no counterpart in the Fe3 /COS system see 
above ,
Fe3 +  CS2^-F e2CS2+ +  Fe, (15a)
Fe3 +  CS2^ F e + +  Fe2CS2 . (15b)
The initial step o f this reaction is suggested to be the inser­
tion o f the metal core into the S -C X  bond, similar to the first 
step o f the generally assumed sulfur-transfer mechanism .49,58 
Whereas the CX moiety is ejected for both X  O and S, thus 
effecting sulfur transfer, loss o f Fe only occurs for X  S. 
Apparently, the CS fragment is bound more strongly than Fe,
i.e., D 0(Fe3S+ - C S ) > D 0(Fe2C S j-F e ) ,  such that the loss 
o f the metal atom is preferred. In addition to the formation of 
Fe2C Sj concomitant with Fe, reaction (15a), the same prod­
ucts can be generated with inverted charge distribution, re­
action (1 5 b . This process is assigned as the energetically 
most favorable pathway to form Fe and thus to account for 
the low-energy feature in its cross section (below 4 eV). It 
shows a poor efficiency resulting from the dominance o f the 
competing reaction (15a), thus indicating IE(Fe2CS2) 
<  IE(Fe) =  7.90 eV . 54 At higher energies, Fe+ can arise from 
simple CID o f F e 3 , starting at about 4 .5 3 ± 0 .1 6  eV  and 
consistent with the main feature in the Fe cross section. 
Likewise, the threshold of the Fe2 channel agrees with 
D 0(F e 2 -F e )=  1 .75±  0.12 eV (Table I) and is thus assigned 
to simple CID o f Fe3 . In turn, the experiment provides no 
indication that a hypothetical species FeCS2 having an ap­
preciable BDE rather than separated Fe and CS2 is formed. 
Further, FeCS is observed as a minor product ( max 
< 1 .0  A 2). Because of its relatively early apparent threshold 
2 eV, off scale in Fig. 5 b , the concomitant neutral is 
more likely to be Fe2S than FeS and Fe. Thus, FeCS+ is 
probably a primary reaction product arising from reaction 
between Fe3 and CS2 and not from the decomposition of 
Fe2CS2 . Additional products, Fe3S2 and Fe3S3 , show 
pressure-dependent cross sections, which indicate their for­
mation via multiple collisions, and are not pursued any fur­
ther.
The Fe4 /C S 2 and Fe5 /C S 2 systems are closely related 
illustrated for the latter in Fig. 6  . The primary sulfur- 
transfer channels yielding FeKS + , reaction ( 1 6  with x =  0,
Fe+ +  CS2->Fe>,_xS + +  x F e+ C S , (16)
are exothermic again but display bimodal features at low  
energies. The successive appearance o f the endothermic 
products FeB_ ^ + , FeK_ 2S + , and even FeB_ 3S+ for ra =  5, 
reaction ( 1 6  with x =  1 - 3 ,  suggests that single Fe atoms are 
lost sequentially, in analogy to the COS systems discussed 
above. At low energies, the FeB_ iCS^ products prevail, re­
action 17 with x  1. Their formation has already been ex­
plained for the analogous case o f F e3/C S 2 . Elevated kinetic 
energies result in consecutive fragmentations yielding 
FeK_ 2CS2+ and even FeK_ 3C Sj for ra =  5, reaction ( 1 7  with 
x  2 and 3, respectively,
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FIG. 6. Main-product cross sections for the reaction of Fe5 with CS2 as a 
function of center-of-mass energy (lower axis) and laboratory energy (upper 
axis). For minor products observed, see text. (a) Sulfur-transfer reactions. 
(b) Other reactions.
FeB+ +  C S ^ F e ^ x CS2+ +  x Fe. (17)
Additionally, the bare Fe*_x cluster ions (x =  1 - 3  for ra =  4 
and x =  1 for ra =  5) observed as products are attributed to 
simple CID reactions. Further, formation of termolecular 
products, like FeB_ 1CS^ , takes place to some extent at low  
energies with pressure dependent cross sections.
Energy (eV, CM)
FIG. 7. Product cross sections for the collision-induced dissociation of 
Fe2S+ with Xe as a function of center-of-mass energy (lower axis) and 
laboratory energy upper axis .
Despite the manifold o f reactions observed in the 
Fe^/COS and Fe^/C S2 systems, a qualitative synopsis re­
veals that the major processes can be assigned to a relatively 
small number o f reaction types (Table Ip. For Fe^/COS, the 
primary reactions are almost exclusively sulfur transfers Ia . 
For Fe^/C S2 , substitutions of one Fe atom for CS2 are 
equally important Ib . The other products result from suc­
cessive dissociations o f these primary products. The impor­
tance o f such secondary II , tertiary III , and quaternary 
reactions ( IV  has also been reported for other reactions of
i 24 26 29cationic iron clusters.
3. R e a c tio n s  o f  F e nS + w ith  X e
Upon reacting FeKS+ ( ra =  2 - 4 )  with xenon, no pro­
cesses other than simple CID are observed. These fragmen­
tations are equivalent to the decomposition processes seen 
for the primary FeKS+ species formed from Fe^ and CXS at 
elevated energies see above .
For Fe2S+ , the ionic products observed are Fe+ , FeS+ , 
and Fe2 Fig. 7 . As in the Fe2 /CXS system, the neutral 
concomitantly formed with Fe has to be FeS rather than the 
separated atoms to account for the early appearance o f this
TABLE II. Main products (■) of the reactions between Fe* and CXS (X=O, S).a
Reaction type
Fe b Fe2 FeJ Fe4 Fe5 Fe6
COS CS2 COS CS2 COS CS2 COS CS2 COS CS2 COS
Ia Fe„S+ + CX ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■
Ib Fe^C X S+H -Fe ■ ■ ■ ■
IIa Fe„_ 1S+ + Fe+ CX ■ ■ ■ ■ ■ ■ ■ ■ ■
IIb Fe„_ 2CXS+ + 2Fe ■ ■
IIc Fe„_ ;!S + Fe+ + CX ■ ■
IIIa Fe„_ 2S+ + 2Fe+CX ■ ■ ■ ■ ■ ■ ■
IIIb Fe„_ 3CXS+ + 3Fe ■
IVa Fe„_ 3S+ + 3Fe+CX ■ ■ ■
aSimple CID products are omitted. 
bTaken from Ref. 49.
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FIG. 8. Product cross sections for the collision-induced dissociation of 
Fe3S with Xe as a function of center-of-mass energy lower axis and 
laboratory energy upper axis .
FIG. 9. Main-product cross sections for the collision-induced dissociation of 
Fe4S with Xe as a function of center-of-mass energy lower axis and 
laboratory energy upper axis .
channel, reaction (18a). Again, localization o f the positive 
charge at Fe rather than FeS, formed according to reaction 
(18b ,
Fe2S + +  X e—>Fe+ +  F eS + X e  (18a)
—>FeS+ +  F e+ X e, (18b)
is favored in agreement with the difference in the IEs. B e­
cause both reactions compete with each other, the energeti­
cally more demanding reaction (1 8 b  bears a delayed appar­
ent threshold (A E 0 «*1.0eV  vs A IE =0.4 e V .  Cleavage of 
the iron-sulfur bond to yield FeJ is even more energy- 
demanding, reaction 19 ,
Fe2S+ +  X e—►FeJ +  S +  Xe. (19)
For Fe3S+ , the energetically most favorable CID prod­
uct is Fe2S + resulting from loss o f Fe, reaction (20) (Fig. 8 ),
Fe3S+ +  X e^ -F e2S + +  F e+ X e. (20)
In contrast to reactions 18a and 18b , the analogous 
process yielding the inverse charge distribution, i.e., Fe 
+  Fe2S, does not seem to be operative, because the Fe+ 
channel is shifted to higher energies by more than 3 eV. It is 
unlikely that the difference in IEs and competition effects 
could account for this amount. Rather, consecutive fragmen­
tation o f the corresponding Fe2S + product, as in reaction 
(18^ , appears to give rise to Fe+ +  FeS +  Fe. Likewise, FeS+ 
is probably formed by decomposition o f Fe2S+ , Fe3 by loss 
o f S from Fe3S + , and Fe2 is accompanied by FeS because 
the apparent threshold is inconsistent with formation by Fe 
loss from Fe3 .
CID o f Fe4S + results in the formation o f Fe3S+ as the 
single product seen at low energies, reaction (2 1 ) with x 
=  1 (Fig. 9),
Fe4S+ +  X e-> F e4_ xS + + x F e + X e . (21)
Its cross section declines at higher energies as the Fe2S+ 
channel appears. This suggests that the latter arises from con­
secutive dissociation o f the former in reaction 21  with x 
=  2. The Fe^ products ( ra= 1 - 4 ) ,  which have small cross 
sections, are not analyzed any further.
4. R e a c tio n s  o f  F e nS + w ith  C S 2
The reaction between Fe2S+ and CS2 yields Fe2S^ as 
the main product at lower energies, reaction 2 2  with x  0 
(Fig. 1 0 ,
Fe2S+ +  CS2^-F e2_ xS2+ +  x F e+ C S . (22)
The cross section decreases with increasing energies, behav­
ior characteristic o f an exothermic process, hence 
D 0(SFe2+ - S ) > D 0(S C -S ) =  4 .5 0 ± 0 .0 4 e V . This is in 
marked contrast to the analogous sulfur transfer from CS2 
onto Fe2 , reaction 13 , which proved to be endothermic. 
Hence, the qualitative analysis indicates D 0(S F e ^ -S )  
> D o (F e ^ -S ). Between 2 - 4  eV, the Fe2S^ cross section 
levels out, suggesting the possibility that another, endother- 
m ic pathway becomes available. As the primary sulfur- 
transfer reactions observed in the Fe^/CXS systems showed 
similar bimodal behaviors, the possible explanation proposed 
above can also account for the case o f Fe2S2 . At higher 
energies, the cross section of Fe2S2 starts to decline again, 
while that o f FeS2 rises. Obviously, the latter results from 
dissociation o f Fe2S^ , reaction (2 2 ) with x =  1 .
The endothermic formation o f FeCS is inefficient 
( max 0.4 A2) and its energy threshold cannot be inferred 
unambiguously. Additionally, the products Fe and FeS are 
observed and are mainly attributed to CID as they have simi­
lar energy dependences as in the experiments using X e as 
collision gas Fig. 7 . However, these products may partly 
arise from decompositions o f Fe2S2 and FeS2 , and their 
cross sections are therefore not used for drawing any ther­
m ochemical conclusions. The energy dependences o f Fe2 
differ notably for X e and CS2 , indicating that in the reaction 
with the latter a process other than simple CID is operative. 
The relatively early appearance o f Fe2 could be rationalized 
by the formation o f CS3 as the neutral product 
[D 0(S 2C -S ) =  0 .2 2 ± 0 .1 4 e V ],9 although the efficiency ob-
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FIG. 10. Main-product cross sections for the reaction of Fe2S with CS2 as 
a function of center-of-mass energy lower axis and laboratory energy up­
per axis . For minor products observed, see text. a Sulfur- and carbon- 
transfer reactions. b CID and other reactions.
served appears higher than one would expect for this reac­
tion. In contrast, a process accounting for the rather high 
efficiency o f this channel but not for its early threshold 
would be the formation o f S2 and CS as neutral products, 
0.36 eV higher in energy than CS3 . Thus, we conclude that 
the Fe2 cross section does not reflect a single reaction but 
rather a mixture o f different processes such that an unam­
biguous assignment is not possible. In addition, multiple col­
lisions result in the formation o f Fe2CS3 , Fe2CS4 , and 
even Fe2C2S6  at low energies.
The Fe3S+/C S 2 system (Fig. 11) very much resembles 
its smaller homolog. The primary sulfur transfer to form 
Fe3S2 is exothermic, whereas subsequent loss o f Fe and for­
mation o f Fe2S2 occur at higher energies, reaction 23 ,
Fe3S+ +  CS2—>Fe2S j  +  F e+  CS,
Fe3S+ +  CS2—>FeCS+ +  Fe2S2 .
23
24
FIG. 11. Main-product cross sections for the reaction of Fe3S with CS2 as 
a function of center-of-mass energy lower axis and laboratory energy up­
per axis . For minor products observed, see text.
11 . For most o f these products, the energy dependencies are 
similar to the CID products observed with xenon Fig. 8 . 
The FeCS fragment is interesting as its energy threshold is 
relatively low, E 0 = 1 .3 3 e V . The reaction clearly involves 
formation o f a Fe+ -C S  bond, which releases 2 .4 0 ± 0 .1 2  eV, 
and cleavage o f the S C -S  bond (D 0 =  4 .5 0 ± 0 .0 4 e V ) and 
the Fe+ - F e 2S bond. Formation of Fe2S +  S as neutral prod­
ucts is inconsistent with the low  threshold energy observed, 
indicating that the neutral product is Fe2S2 , reaction (24). 
Thus, the reaction can be considered the equivalent of reac­
tion 23 with an inverted charge distribution. Localization of 
the positive charge on the Fe atom greatly enhances the at­
traction between the metal and CS such that bond formation 
occurs, whereas no strong interaction between neutral Fe and 
CS is expected see above . In this respect, experiments ex­
plicitly probing the stability o f neutral FeCS would be par­
ticularly helpful. Similarly, the formation o f Fe with a 
threshold (E 0 =  3 .26±  0.11 eV) about 2 eV lower than in Fig. 
8 , where the reaction clearly forms Fe FeS Fe, indicates 
that the reaction with CS2 provides more stable neutral prod­
ucts, e.g., Fe2S + C S 2 , Fe2S2 +  CS, or even Fe2CS3 . In ad­
dition to the products shown in Fig. 11, we also observe 
Fe3S3  , Fe2CS4  , and Fe2C2S6  , which are formed at low  
energies by multiple collisions and are not discussed any 
further.
Fe4S+ reacts exothermically with CS2 to give Fe4S ^ , 
reaction (25) with x =  0 (Fig. 1 2 . At higher energies, Fe3S j  
and Fe2S2 appear successively and are attributed to sequen­
tial losses o f Fe atoms from Fe4S2 , reaction 25 with x
1 and 2 , respectively,
Fe4S+ +  CS9^-F e4 xS2 x Fe CS. 25
Moreover, FeCS+ as well as Fe3 , Fe2S+ , Fe2 , and Fe+ are 
formed the minor products Fe2 and Fe3 are omitted in Fig.
The products F e 4 , Fe3S+ , F e 3 , Fe2S + , F e 2 , and Fe+ 
(only the major products Fe3S + and Fe2S+ are shown in Fig.
12 are attributed to CID. Multiple collisions account for the 
formation o f Fe4S^ , Fe4CS^ , and Fe4S^ at low energies.
Comparing the FeB+ /C S 2 (Table II) and FenS+/C S2 
Table III systems, sulfur-transfer reactions readily take
Downloaded 03 Nov 2009 to 155.97.11.183. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
10048 J. Chem. Phys., Vol. 117, No. 22, 8 December 2002 Koszinowski et al.
Energy (eV, lab)
0 10 20 30 40
0 2 4 6 8 10
Energy (eV, CM)
FIG. 12. Main-product cross sections for the reaction of Fe4S with CS2 as 
a function of center-of-mass energy lower axis and laboratory energy up­
per axis . For minor products observed, see text.
place for both of them. At elevated energies, the primary 
products having excess energy lose Fe atoms. In contrast to 
the Fe* /C S 2 system, however, displacement o f Fe by CS2 
does not occur in the case of FeKS+/C S2 . A rationale for this 
difference w ill be given on the basis o f the thermochemistry 
developed below.
B. Q uantitative a n a ly s is  o f c r o s s  s e c t io n s
From the energy threshold o f a reaction cross section, 
the reaction enthalpy o f the corresponding process can be 
extracted. The determination of thermochemically accurate 
data from GIB experiments requires the absence o f any ap­
preciable barriers in excess o f the overall endothermicity for 
the reaction investigated. For sulfur-transfer reactions be­
tween CXS X  O, S and metal cations, the appropriateness 
o f the GIB approach has already been demonstrated above .9 
However, all primary sulfur-transfer reactions o f the bare 
Fe* clusters studied reaction type Ia, Table II , except that 
between Fe2 and CS2 , reaction (1 3 ,  are exothermic so that 
no thresholds can be determined. The same holds true for the 
primary sulfur-transfer reactions between Fe*S and CS2 
Table III . Thus, these reactions only provide lower limits 
for D 0(F e ^ -S )  and D 0(S F e ^ -S ) . The alternative usage of 
reagents having stronger bonds to sulfur, e.g., SO2 
[D 0(O 2 - S )  =  5 .90± 0 .01  eV (Ref. 51)], does not appear fea­
sible either, because the release o f S from these compounds 
requires considerable rearrangements that could lead to sig­
nificant barriers, and other reactions, e.g., O-transfer, seem to
TABLE III. Main products (HI) of the reactions between Fe„S+ and CS2.a
Reaction type FeS b Fe2 S Fe3S+ Fe4S+
Ia Fe„Sj + CS ■ ■ ■ ■
Id Fe„CS+ + S2 ■
IIa Fen 1nS2 Fe CS ■ ■ ■
IIe FeCS Fe 1 S2 ■
IIIa Fe 2 S2 2Fe CS ■
aSimple CID products are omitted. 
bTaken from Ref. 49.
(3 ) Fe„_i+ + Fe + CX + S
D0(Fe„.1+-Fe) 
Fe„+ + CX + S A jfF e ^ -S )




(b ) Fen-1+ + Fe + S + S + CS
Do(SC-S)
Fe„.i+ + Fe + S + CS2
Do(Fen. / - S )
Fen.-|S+ + Fe + S + CS
O0(Fen.1+-Fe) - 
Fen+ + S + CS2 D0(SFe„.1+-S) 
Fen.1S2+ + Fe + CS
D0( Fen+-S) ' 
FenS+ + CS2




Fen.iS + + Fe
Do(FenT-S) , 
Fe„S+
‘ £ 0 = 
D0(SFen.1+-Fe)
FIG. 13. Born-Haber cycles. (a) Reaction type IIa, Fe* + CXS—>Fe„_jS+ 
+ Fe+CX. (b) Reaction type IIa, Fe„S+ + CS2—>Fe„_jSj + Fe+CS. (c) 
Collision-induced dissociation, Fe„S+ + X e ^ F e n_ ^ ^ F e + X e .
be more likely. Nevertheless, the experiments involving the 
Fe* /CXS and Fe*S /C S 2 systems can be used for the ex­
traction o f F e -S  BDEs by analyzing the secondary reactions 
IIa yielding Fe* 1S and Fe* 1S2 , respectively. A similar 
procedure has been successfully applied in the determination 
o f Fe+ - D ,  F e ^ -C , F e^ -C D  bond energies from reactions 
with D 4 -methane,29 where values from both primary and 
secondary reactions could be compared directly. In the 
present study, F e -S  BDEs can be derived by applying B orn- 
Haber cycles [Fig. 13, Eqs. (26) and (27)].
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D  „(FeB_ ! - S ) =  D  „ (X C -S ) +  D  „(FeB_ i - F e ) -  E  0 ,
(26)
D  „(SFeB_ t - S )  =  D  „(FeB - S )  +  D  „(FeB_ t -F e )
D 0 S C -S  D 0 Fen 1- S  E 0
=  K -  1/nD  0 +  D  0(FeB- 1- Fe)
+  D  „ ( S C - S ) -  E  0 . (27)
To this end, the consideration of differential BDEs 
A„_ 1/bD 0 =  D 0(Fen - S) - D 0(Fe^_ 1 - S) is particularly help­
ful. Complementary information is provided by the CID ex­
periments. Given that energy deposition is efficient, the 
threshold o f a CID reaction directly corresponds to the BDE 
o f the bond broken. In the present work, only the lowest 
energy CID reactions o f iron-sulfur clusters FenS+ , i.e., Fe 
losses, reactions (1 8 ,  (20), and (21) (with x =  1), but no S 
losses, are considered in order to avoid competitive shifts for 
the higher-lying CID channels. The energy thresholds are 
related to F e -S  BDEs by another Born-Haber cycle [Fig. 
13, Eq. 28 ,
A b- 1/nD  0 =  D  0(Fen+ - S ) — D  0(FeB- 1- S )
=  D  ^ SFen+_ ! - F e - D  0(FeB_ t -F e )
=  E 0 -  D  0^  1-F e ) .  (28)
Some modification is necessary in the case of CID o f Fe2S+ , 
reaction 18a , where the S containing fragment is neutral. 
Here, the threshold o f the Fe cross section concomitant 
with neutral FeS bears information on D 0(F e -S ) , implying 
another thermochemical cycle Eq. 29 ,
A m D 0 = D  0(Fe2+ - S ) - D  „ (F e-S )
=  D  0(SFe+ - F e ) -  D  0(Fe+ -F e )
=  E 0 - D ^ F ^ - F e ) .  (29)
Similarly, Fe+ +  FeS +  CX also arises from the secondary re­
actions observed for Fe^/CXS (IIa). However, the simulta­
neous occurrence o f CID forming Fe+ + F e + C X S  is prob­
able. Thus, the experimental cross sections presumably 
reflect both processes, which makes them difficult to analyze 
unambiguously.
Finally, from reaction 24 , the IE o f Fe2S2 can be de­
rived according to Eq. 30 ,
IE(Fe2S2) =  IE(Fe) +  D  0(S C -S ) +  D  0(S F e^ -F e)
- D  0 (SFe2+ - S ) -  D  0(Fe+ - C S ) -  E 0 . (30)
Here, determination o f an IE instead o f a BDE implies a 
thermochemical cycle different from those presented above.
As mentioned above, an accurate threshold analysis re­
quires knowledge o f the molecular properties o f the species 
involved in the reactions studied. For COS and CS2 , vibra­
tional modes and rotational constants are well-known .59 For 
FeB and FenS+ clusters, however, scarce information is 
available. Therefore, an elastic m odel proposed by Shvarts- 
burg et al. is applied to estimate the vibrational modes of 
iron clusters FeB 60 Basically, this model derives molecular 
constants from properties o f the bulk metal. The method for
estimating the rotational constants draws on the metal’s crys­
tal structure.26 For iron-sulfur clusters FenS^ ( m =  1,2), m o­
lecular constants are obtained by combining those derived 
for FeB with F e^ -S  vibrations extracted from surface stud­
ies. The RRKM treatment based on Eq. (3) considers both 
tight and loose transition structure TS models as limiting 
cases and averages the results derived from both approaches. 
A ll technical details are given in the Appendix that also ad­
dresses the uncertainties associated with the various assump­
tions.
For the secondary reactions IIa , the RRKM analysis 
also has to take into account their multistep mechanisms. 
Because the initial, exothermic sulfur transfer obviously oc­
curs much more rapidly than the subsequent, endothermic 
loss o f Fe, the RRKM modeling can be restricted to the 
rate-limiting second step of the reaction, the unimolecular 
decomposition, which is just identical to the corresponding 
CID process. However, the reaction enthalpy o f the exother­
m ic primary process forming the EM, E 1 , does have an in­
direct effect by raising the effective temperature o f the EM 
and, thus, influencing the decomposition rate. The model em­
ployed accounts for this effect by including E 1 in the energy 
available for the consecutive dissociation step, E * [Eq. (31)],
E  * =  E  T— A E - E  j . (31)
Yet, the determination o f E 1 requires the value of 
D 0(F e B -S ) , which is to be determined in the very same 
threshold analysis. Obviously, an iterative method has to be 
applied. For the largest system studied, Fe6 /COS, an initial 
guess o f D 0(F e ^ -S )  is necessary. A comparison with the 
BDEs of the related iron-oxide clusters shows that 
D 0(F e B - O ) ^ D 0(F e ^ -O ) . 28 Further, the CID experiments 
o f FenS+ (n =  2 - 4 )  show that the differential BDEs, 
A n_ 1/nD 0 , diminish monotonically as the cluster size n in­
creases see below . Hence, it appears reasonable to assume 
D 0( F e B - S ) ^ D 0(F e ^ -S )± 0 .5 e V  as initial input. Fortu­
nately, the threshold analysis is not particularly sensitive to 
variations in E 1 because the reaction enthalpy o f the primary 
reaction step E 1 does not affect the threshold directly, but 
only alters the kinetic shift. Neglecting E 1 in a first step of 
the threshold analysis provides an initial guess for 
D 0( F e 5 - S ) ^ D 0(F e ^ -S )  which then allows derivation of 
E 1 as an input parameter for an improved analysis, and so 
forth. Self-consistency within 0.01 eV is reached after a few  
cycles. To take into account the error associated with the 
final assumption for E 1 , the analysis is repeated after in­
creasing and decreasing E 1 by 0.5 eV. The uncertainties in 
the thresholds E 0 introduced by this variation amount to 
0.09 eV. Moreover, the CID results were also taken into 
account with respect to the reaction enthalpies o f the primary 
step E 1 . Analogous methods are applied for the secondary 
reactions between FenS+ and CS2 . Because the raw data 
suggest D 0( S F e B -S ) ~ D 0(F e B -S ) +  0 .5eV  for b =  1 - 3 ,  
the same relationship is assumed for n 4. Again, the uncer­
tainty o f this guess is estimated at 0.5 eV.
When the exothermicity of the first step o f secondary 
reactions is deliberately neglected in the RRKM analysis, the 
kinetic shifts are significantly reduced in comparison to the 
proper treatment that includes E 1 Table IV . This result may
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TABLE IV. Dependence of kinetic shifts on the reaction enthalpy of the 
initial reaction step, E 1, exemplified for Fe^/COS, reaction type Ila. All 
energies given in eV.
n E  0a E 1
Kinetic shifts, E 1 neglected Kinetic shifts, E 1 included
LTS TTS LTS TTS
2b 1.66 1.08 0.00 0.00 0.00 0.00
3 0.81 1.80 0.00 0.00 0.00 0.03
4 0.55 2.15 0.00 0.02 0.02 0.14
5 0.58 -2 .27 0.00 0.04 0.13 0.38
6 1.00 -2 .27 0.08 0.25 0.38 0.78
“Average of LTS and TTS models with E 1 included. 
bNot further investigated in the threshold analysis because of the probability 
of other interfering reactions.
appear surprising because an increase in the internal energy 
o f an intermediate is generally assumed to accelerate its de­
composition. To resolve this seeming paradox, note that the 
energy required for dissociation of the FenS+ ion in the ex­
periment is not the endothermicity of the overall reaction, 
E 0 , but that o f the decomposition step, E 2 =  E 0 — E 1 . Thus, 
the number of states at the TS has to be evaluated at the 
energy E *ID—E 1 — E 2 =  E *ID—E 0 , such that the rate is given 
by Eq. (32),
k (E  *c) =  k (E  *ro-  E  j ) =  sNH e E  *ro -  E  „)/p  (E  *ro-  E  x) ,
32
where E *ec and E  *ID are the energy contents of the EM for 
secondary and CID reactions, respectively, which differ by 
E 1 . Obviously, decreasing E 1 (i.e., making it more negative) 
reduces the rate constant because it only raises while not 
affecting N *. In other words, because o f the coupling be­
tween E 1 and E 2 , a decrease in E 1 enlarges the internal 
energy of the EM but simultaneously deepens its potential 
well. The latter effect is rate-decelerating and predominates.
Another important feature in the analysis o f secondary 
reactions is that energy can be lost from the initial transient
complex as kinetic energy motion o f the primary products 
and as rotational and vibrational excitation of CX. The latter 
possibility is less probable because o f the high frequency of 
the CX vibrational modes. Nevertheless, the thermodynamic 
threshold o f the secondary process corresponds to the ener­
getically least demanding way to form products (i.e., without 
any prior loss o f energy and thus to the very onset o f the 
cross section observed, which the modeling procedure is de­
signed to find. The validity o f the approach chosen can be 
tested by comparing the results derived from the experiments 
using COS and CS2 , respectively. Because of the difference 
in BDEs, D 0( S C - S ) - D 0(O C -S )=  L 3 6 ± 0 .0 4 e V  (Table I), 
the initial collision complexes, X C -F enS+ , clearly contain 
different amounts o f energy for X  O and S, respectively. If 
energy were lost nonstatistically from these complexes, they 
should lead to different energetics. Yet, the BDEs derived 
from the experiments with COS and CS2 are essentially iden­
tical Table V , which verifies the ability to determine the 
true thermodynamic onsets in the threshold analyses for 
these systems.
Similarly, the validity o f the other assumptions associ­
ated with the threshold analysis can be checked by the inter­
nal consistency o f the thermodynamic results, which are ob­
tained from several different reactions involving a specific 
iron-sulfur cluster as reactant (C ID  or product [secondary 
sulfur-transfer reactions (IIa)]. As the molecular parameters 
used in the RRKM analysis are equivalent for both reaction 
types, uniform variations in these estimations cause contrary 
effects in the results. For instance, as the TSs for cleavage of 
the SFe„_ i - F e + bonds are made tighter, the kinetic shifts 
increase, which corresponds to lower thermochemical thresh­
olds E 0 after deconvolution. Hence, although the reaction 
enthalpy is decreased for both secondary reactions and CID 
processes, this implies an increased stability o f the Fen S+ 
cluster involved in the case of the former (FenS+ as product) 
but a decreased stability in the case o f the latter process 
(FenS+ as reactant). Thus, erroneous assumptions in the
TABLE V. Summarized results of threshold analyses.
Reaction 0oa n “ E  0a AlitD0b Derived quantity in eV
IIa Fe3 COS Fe2 S Fe CO 6
+ 17 .30.
+ 1.2 0.81 0.06 0.12 D 0 (Fe2 -S )  4.08 0.13
Fe4 COS Fe3 S Fe CO 52 17 1.0 0.4 0.55 0.10 0.20 D 0 (Fe3 -S )  4.82 0.22
Fe5 COS Fe4S Fe CO 2153 .30.
+ 1.60 0.58 0.17 0.23 D 0 (Fe4 -S )  5.26 0.29
Fe6 COS Fe5 S Fe CO 11 3 .30.
+ 1.6 1.00 0.26 0.25 D 0 (Fe5 -S )  5.41 0.39
Ia Fe2 CS2  Fe2 S CS 8
+ 132 .30.
+ 1.90 0.24 0.06 0.04 D 0 (Fe2 -S )  4.27 0.06
IIa Fe3 CS2  Fe2 S Fe CS 72181 .30.
+ 1.2 2.19 0.11 0.13 D 0 (Fe2 -S )  4.06 0.17
Fe4 CS2  Fe3 S Fe CS 5 0 1 7 0.8±0.4 2.00 0.14 0.21 D 0 (Fe3 -S )  4.73 0.25
Fe5 CS2  Fe4 S Fe CS 16 5 .30.
+ 1.3 2.03 0.20 0.24 D 0 (Fe4 -S )  5.17 0.31
CID Fe2S Xe FeS Fe Xe 3
+10 .20.
+ 1.3 3.63 0.10 0.10 D 0 (Fe-S) 3.37 0.15c
Fe3S+ + Xe—> Fe2S+ +  Fe+Xe 25 8 .40.
+ 1.2 2.63 0.11 0.12 D 0 (Fe3 -S )  5.10 0.17d
Fe4S+ + Xe—> Fe3S+ +  Fe+Xe 24 8 1.4 0.2 2.71 0.14 0.20 D 0 (Fe4 -S )  5.42 0.27d
IIa Fe2 S CS2  FeS2 Fe CS .70.
+12 .40.1 4.63 0.16 0.11 D 0(SFe+- S ) - A 1/2D 0=2.65±0.19
Fe3 S CS2  Fe2 S2 Fe CS 4124 .40.
+ 1.4 2.47 0.15 0.13 D 0(SFeJ -S )  -  A 2/3D  ^ 3 . 7 ^  0.20
Fe4 S CS2  Fe3 S2 Fe CS 52
+147 .20.
+ 1.6 1.55 0.18 0.21 D 0(S F eJ-S ) —A3/4D ^ 5 . 1 ^ 0 . 2 8
IIe Fe3 S CS2  FeCS Fe2 S2 0.7 0.2 .20.
+ 1.2 1.33 0.18 0.12 IE Fe2 S2 ) 6.64 0.37
aFitting parameters according to Eq. (2), <r0 in 10-16 cm2 eVN_ 1 and E 0 in eV E 0 is the average of the E 0 values derived from the LTS and TTS model. 
bTotal uncertainty associated with the BDEs of the corresponding Born-Haber cycle, in eV. 
cDetermined on the basis of D 0(F e J-S )  according to Eq. (29). 
dDetermined on the basis of D 0(Fe*_ 1-S )  according to Eq. (28).
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RRKM analysis would most likely lead to inconsistent ther­
mochemical results.
The values derived for D  0(Fe^ - S )  agree within their 
error bars for each cluster size Table V  where the uncer­
tainties also include statistical errors, the uncertainty in the 
zero o f the energy scale, and the uncertainties introduced by 
literature values used in Born-Haber cycles, A litD  0 (with 
geometric addition o f uncertainties). The final results are ob­
tained from averaging the various values weighted by their 
uncertainties (Table VI). These values are then required for 
determining D 0(S F e ^ -S )  on the basis o f the results for the 
FenS+/C S 2 systems, where the uncertainties are derived 
analogously.
V. DISCUSSION  
A. F e„S+ c lu ster s
The final results o f the Fen S^ thermochemistry (Table 
VI allow evaluations o f the chemistry and the associated 
structural and electronic implications. The BDEs o f the 
monoligated FenS+ clusters, D 0(F e ^ -S ) , rise monotoni­
cally as the cluster size increases and appear to level off at 
4. The BDEs span a range o f more than 2 eV, revealing 
substantial effects o f cluster size. It seems reasonable that the 
observed increase in bond strength reflects the adoption of 
multifold coordination. Sulfur is well-known to occupy 
maximum coordination sites on crystal surfaces of transition 
metals,61,62 and multifold bridging is a characteristic feature 
of molecular iron-sulfur clusters in chemistry and 
biology .1,2,63 The large differential BDEs A 1/2D 0= 1 .1 4 e V  
and A 2/3D 0 =  0 .72eV  suggest a n n-binding o f sulfur, i.e., 
twofold bridging in Fe2S+ and threefold bridging in Fe3S+ . 
The next step, A 3/4D 0 =  0.35 eV, is less pronounced so that it 
cannot be unambiguously assigned to a further increase in 
the coordination number o f sulfur, i.e., j.i3 versus /jl4 










It is not expected that threefold and fourfold coordination 
sites strongly differ in their energetics. Whereas the interac­
tion between S and the additional fourth Fe atom is assumed 
to be attractive, the higher steric demands of the fourfold 
coordination are likely to weaken the individual bondings so 
that the overall BDE should not be much affected.
The comparison o f D  0(SFe*_ 1- F e )  and D  0(Fe^_ 1-F e )  
is particularly intriguing because it displays the stabilizing 
effect o f the sulfur atom on the cluster’s iron core (Tables I 
and VI). For all clusters investigated (n =  2 - 5 ) ,  this stabili­
zation is positive with a maximum for n =  2  and decreasing 
for the larger clusters. This trend lends further support to the 
assumed bridging coordination o f sulfur. In Fe2S + , the inter­
action between Fe and S is limited necessarily to the two Fe 
atoms, whereas three or more Fe atoms can contribute in the
larger clusters. Therefore, the stabilization the Fe core expe­
riences by ligation of the sulfur ligand, D  0(SFe^_ 1-F e )  
— D 0(Fe^_ 1-F e ) ,  is reduced as the cluster size increases, as 
reflected in the experimental results.
For the smallest cluster studied, Fe2S+ , computational 
data are also available (Table VI) .13 Theory predicts slightly 
lower values for D 0(F e ^ -S )  and D 0(SFe+ -F e )  than those 
derived experimentally in this work, but agrees in the rela­
tive order, D 0( F e 2 - S ) > D 0(SFe+ -F e ) .
With respect to the function o f sulfur as a bridging 
ligand, it is interesting to compare the present results with 
other studies o f ligated iron clusters Fig. 14 . For small­
sized FenD + clusters (n =  2 - 5 ) ,  D 0( F e ^ - D ) ^ 2 e V  but 
vary in a manner sensitive to the electronic characteristics o f  
the clusters.26 Similarly, the bonds formed between Fen and 
the D 2 -m ethylene fragment do not exhibit a monotonic 
trend for small cluster sizes, even though the average 
D  0(Fe^ -C D 2) ^ 3 .5 e V  is significantly higher than 
D 0(F e ^ -D ) . 29 Although the CD2 fragment may be consid­
ered isolobal with a S atom, it obviously adopts a different 
binding mode when coordinating to Fe^ clusters. Oxygen, 
however, appears to bind to Fen clusters in a manner very 
similar to that o f sulfur.28,64 The preference o f oxygen and 
sulfur to occupy multifold coordination sites can be rational­
ized by the availability o f electron lone pairs, whereas the 
CD2 fragment can at best support /,i2-binding.
B. Fe„SJ c lu ste r s
With respect to the thermochemistry o f the bis-ligated 
iron-sulfur clusters, FenS j  , n =  1 - 3 ,  D 0(SFe+ - S )  =  3.59 
± 0 .1 2 e V  has previously been extracted from the reaction 
between FeS+ and CS2 . 9 From the secondary reaction (IIa) 
o fF e 2S+ with CS2 observed in the present work, one obtains 
D 0(SFe+ - S )  =  3 .79± 0 .21  eV which is somewhat higher but 
agrees with the former value within the uncertainties. Fur­
ther, the photodissociation threshold [D 298(SFe+ - S )  =  3.82 
± 0 .3 5 e V ] (Ref. 11) o f FeS^ converts to D 0(SFe+ - S )  
=  3 .8 5 ± 0 .3 5 e V .9 All these values are significantly larger 
than the BDE o f the monoligated species, D 0(F e+ - S )  
=  3 .08±  0.04 eV . 9 Analogously, for the clusters 
FenS2 /F enS , n 2 and 3, the binding o f the second S atom 
is enhanced compared to that of the first one (Table VI); 
however, this need not imply that there are similar bonding 
modes in these systems. For example, theory predicts that the 
electronic ground state o f FeS2 has a cyclic structure with a 
disulfide unit.9 Thereby, the system avoids the unfavorable 
Fey oxidation state that would result from the coordination 
of two separate sulfido ligands. For Fe2S2 and Fe3S2 , how­
ever, two sulfido ligands can bind to the cluster core without 
increasing the metal’s average oxidation state anomalously. 
Indeed, bicapped structures are well-known for various li­
gated clusters having a Fen S2 core.1 2 63 In the case of  
Fe2S2  , a rhombic structure has accordingly been predicted 
by theory13 and is also inferred from photodissociation 
experiments.15 This geometry does not automatically explain 
the strong binding o f the second S atom in Fe2S2 because 
the first ligand normally causes at least a partial charge 
and/or valence saturation that reduces the system’s affinity
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TABLE VI. Bond-dissociation energies of iron-sulfur clusters.a
Bond D 0 /eV Bond D 0 /eV
Fe-S 3.37±0.15
3.31±0.15b




S F eJ-F e 2.47 0.18
Fe3 -S 4.94 0.12 SFe3+-F e 2.58±0.29









S2 Fe2 -F e 3.50 0.46
SFe3 -S 5.53±0.35
aThis work, unless noted otherwise. 
bReference 53. 
cReference 9.
dCalculated from D0(Fe -S ) , taken from Ref. 9, and D 0(Fe2 - S )  accord­
ing to Eq. (28).
eTheoretical results taken from Ref. 13.
fReference 11. Thermal correction according to Ref. 9.
for a further ligand. Ultimately, quantum chemical calcula­
tions shall elucidate the character of this system, but a sim­
plified qualitative explanation may be proposed here. In 
Fe2 , the binding is presumed to arise mainly from a 4 s - 4 s  
interaction.30 The addition o f a sulfur atom implies an oxi­
dation and, thus, the transfer o f electron density from the Fe 
atoms to S. To achieve a sufficient long-range interaction, the 
electrons forming the F e -S  bonds should have an appre­
ciable 4 s  character. As a consequence, the F e-F e  bond is 
weakened. A favorable binding geometry presumably de­
mands some 3 d 4 s mixing, which will cost a certain amount 
o f promotion energy that reduces the overall binding energy. 
The key to understanding is that both 3 d  and 4 s orbitals 
have even symmetry, such that the hybrid orbitals interacting 
with the S atom on one side o f the F e-F e  axis have the same 
spatial orientation on the other side. They are therefore ide­
ally suited to form a bond to a second S ligand, resulting in 
the rhombic Fe2S2 . Because the formation o f this second 
bond does not require substantial weakening o f the F e-F e  
bond or rehybridization, binding o f the second S atom is 
assumed to be more favorable than that o f the first one. This 
is reflected in the measured order o f BDEs, namely, 
D 0( F e ^ - S ) < D 0(S F e 2 -S ) .  Support to the suggested model 
comes from theory, which predicts a significant lengthening 
o f the F e-F e  bond from 2.3 to 2.6 A for the addition of the 
first S atom to Fe2 , but no appreciable further elongation for 
the addition o f the second S ligand .13 Nevertheless, theory 
predicts D 0( F e ^ - S ) > D 0(S F e ^ -S )  by 0.15 eV, in contrast 
to experiment which finds D  0(S F e ^ -S )  to exceed  
D 0(Fe2+ - S )  by 0.28 eV (Table V p.
The corresponding D 0(S 2Fe -F e )  values provide fur­
ther insight in the stability and structures o f small iron- 
sulfur clusters. The second S ligand causes an appreciable 
additional stabilization o f the Fe atoms in the cluster, consis­
tent with rhombic or bicapped structures, respectively. In
7
1
0 J-----1------------- 1------------- ,------------- 1------------- 1-----
1 2 3 4 5
Cluster Size n
FIG. 14. Bond-dissociation energies D 0(F e^-D ) (Ref. 26), D 0(Fe^-C D 2) 
(Ref. 29), D 0(F e^-O ) (Refs. 28,64), and D 0(F e^-S ) as function of cluster 
size. D 0(Fe+-S )  is taken from Ref. 9.
Fe2S 2 , D 0(S 2Fe+ -F e )  is found to slightly exceed  
D  o (S F e^ -S ), although the uncertainties associated with 
these BDEs weaken the reliability of this assignment. For 
Fe3S2 , however, the loss o f Fe is unambiguously favored 
energetically compared to the loss o f S, which implies an 
enhanced stability o f Fe2S2 . These qualitative conclusions 
are confirmed by photodissociation experiments o f Yu 
et al.'}5 Under UV laser irradiation, loss o f S was observed 
from Fe2S2 , whereas Fe was lost from Fe3S2 . The stabiliz­
ing effect o f the S atoms also explains the difference in the 
reactivities observed in the Fe /C S 2 and Fe S /C S 2 sys­
tems. In the former, the formal substitution o f Fe by CS2 
takes place as an efficient reaction reaction type Ib , 
whereas the enhanced stability o f the cluster’s core prevents 
the equivalent process in the latter system.
The calculations agree with the experimental findings in 
predicting a stabilization o f the cluster core in Fe2S2 result­
ing from the ligation o f the second S atom, i.e., 
D 0(S 2Fe+ - F e ) > D 0(SFe+ - S )  (Table V p .13 Also, the rela­
tion D 0(S 2Fe+ - F e ) > D 0(S F e ^ -S )  is correctly reproduced 
by theory. However, the absolute value calculated for 
D 0(S 2Fe -F e )  substantially underestimates the experimen­
tal result, as noted above for D 0(S F e J -S ) . These deviations 
suggest that the level o f theory used in the calculations may 
not accurately describe the electronic structure o f Fe2S2 .
C. Neutral F e„Sm c lu ster s
Finally, the present work sheds some light on the redox 
chemistry o f Fe„S^ clusters. The IE o f FeS exceeds that of 
Fe ,8 which means that D 0( F e - S ) > D 0(Fe+ - S ) .  Accord­
ingly, the result derived in this work, D 0(F e -S ) 3.37 
± 0 .1 5 e V , and the value reported in the literature, 
D 0(F e -S ) =  3 .3 1 ± 0 .1 5 e V ,53 are both larger than 
D 0(Fe+ - S )  =  3 .0 8 ± 0 .0 4 eV .9 The weaker bonding in the 
cationic species reflects the electron deficiency at the metal 
atom, which no longer can provide as much electron density 
to the electronegative sulfur as the neutral atom. This situa­
tion changes when the cluster size increases and the positive
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charge is delocalized over the iron core. Although the experi­
ments performed do not quantify the IEs o f the Fe S clusters,
2 -  5, the ready losses o f neutral Fe atoms from these 
species reaction type IIa indicate that IE Fe S) IE Fe) 
=  7 .9 0 eV .54 Similarly, the high efficiencies o f the reactions 
IIa in the case o f the ligated clusters Fe S also suggest that 
IE(FenS2)< IE (F e). This hypothesis is further corroborated 
in the case o f Fe2S2 for which IE(Fe2S2) =  6 .6 4 ±  0.35 eV is 
derived here. The experimental value deviates substantially 
from the estimate IE(Fe2S2) =  7 .9 ± 0 .5 eV given by Hubner 
et al. on the basis o f computational results.14 To understand 
the origin o f this disagreement, a comparison between the 
stabilities o f both the neutral and cationic cluster as derived 
from experiment and theory is helpful. Using atomization 
energies as a quantitative measure for the clusters’ stabilities, 
we find that the experimental value for the neutral cluster, 
A atomH exp(Fe2S2) = 1 0 .2 ± 0 .5 e V , is somewhat lower than 
but within experimental error o f the one obtained by theory, 
A atornHtheo(Fe2S2) = 1 0 .6 e V . 13 On the other hand, for the 
positively charged cluster, experiment finds a significantly 
larger stability, A atomH  exp(Fe2S 2 ^ F e + + F e + 2 S ) =  11.5 
± 0 .3 e V , than predicted by theory, A atomH theo(Fe2S j)  
=  10 .6eV . 13 Hence, the discrepancy between experimental 
and theoretical results for IE(Fe2S2) seems to arise mainly 
from differences in stability o f the cationic cluster.
Compared with IE(FeS) =  8 .3± 0 .3  eV,8 the experimen­
tally determined value IE(Fe2S2) =  6 .6 4 ±  0.35 eV lies sig­
nificantly lower, which can be attributed to enhanced charge 
delocalization in the larger system. A similar difference is 
observed for bare iron monomer, IE (F e)= 7 .90± 0 .00  eV,54 
and dimer, IE(Fe2) =  6 .30±  0.01 eV . 65 On the other hand, the 
IE o f the analogous iron oxide, IE(Fe2O2) =  8 .4 ± 0 .3 e V , is 
much larger, which points to differences between the ligand 
characteristics o f sulfur and the more electronegative 
oxygen .66 The softer redox properties o f the sulfur ligand 
compared to oxygen have been noted previously in gas- 
phase iron chemistry.8
VI. CONCLUSIONS
The reactions o f cationic iron clusters Fe with COS 
(n =  2 - 6 )  and CS2 (n =  2 - 5 )  are studied in a guided-ion 
beam mass spectrometer. For both systems, generally exo­
thermic sulfur-transfer reactions readily occur at low ener­
gies, and subsequent losses o f single Fe atoms prevail at 
elevated energies. Collision-induced dissociations o f inde­
pendently generated binary clusters FenS + (n =  2 - 4 )  fully 
confirm these results. Similarly, the reactions o f Fe S with 
CS2 bring about sulfur transfer. From modeling o f the energy 
dependences of the various reactions, bond dissociation en­
ergies are derived. For the larger clusters studied, the ther­
mochemical analysis requires the consideration o f lifetime 
effects that is achieved by the implementation o f RRKM 
theory. Even though the parameters relevant for the RRKM 
analysis are not known and have to be estimated, the results 
derived from the different reactions investigated show good 
agreement with each other and thus confirm the basic as­
sumptions.
The thermochemical results extracted from the experi­
ments suggest that sulfur occupies multifold coordination 
sites in the clusters FenS + (n =  2 - 5 )  and FenS j  (n =  2 and 
3). Such structures resemble those o f iron-sulfur clusters in 
the bulk phase, thus indicating that FenS and FenS2 can be 
used as gas-phase models for the bulk. Among the results 
obtained, the thermochemical data o f Fe2S2 are of particular 
interest because this species mimics the core o f the smallest 
ferredoxin. The successive bond dissociation energies deter­
mined for Fe2S^ reflect its high stability. From this finding 
one could speculatively infer that the intrinsic stability o f the 
Fe2S2 entity forms one contribution to the outstanding role 
o f iron-sulfur clusters in the evolution o f life.
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APPENDIX A: TRANSITION STATE MODELS
The RRKM treatment requires assumptions concerning 
the nature o f the energized molecule EM and the transition 
structure TS o f the reactions considered. For the CID pro­
cesses to be analyzed, the loss o f Fe from FenS or the loss 
o f Fe+ concomitant with FeS for n =  2 ), the EM is simply 
the reactant ion. In the TS, the bond connecting the leaving 
Fe atom and the remaining cluster fragment, Fen_ iS + , is 
supposed to be partially broken. As already stated above, the 
same assignments hold for the secondary reactions IIa , and 
the corresponding structures in the reactions starting from 
the ligated clusters FenS only differ by the attachment o f a 
second S atom. For reaction 24 reaction type IIe , struc­
tures analogous to those assigned to reaction IIa , n 3, are 
assumed. The primary sulfur transfer Ia is endothermic 
only for the reaction o f the smallest cluster, Fe2 , with CS2 , 
reaction 13 , as outlined above. For such small cluster sizes, 
lifetime effects are negligible Table IV and therefore need 
not be included in the threshold analysis.
Although the EMs are fully characterized by the molecu­
lar constants estimated for Fen S reaction type IIa and CID 
and FenS2 (reaction type IIa), the corresponding TSs remain 
to be specified. Without quantum chemical calculations, a 
localization o f the TS on the reaction coordinate is not fea­
sible. Instead, two borderline cases can be distinguished 
qualitatively. First, the TS is assumed to resemble the EM. If 
all vibrational modes o f the TS equal those o f the EM minus 
the reaction coordinate, a tight TS (T T S  results.47 Here, the 
steric restrictions imposed in the transition structure are 
rather rigid and, thus, only permit a relatively slow decom­
position. This corresponds to a large kinetic shift and, after 
deconvolution, a lower limit for the derived thresholds. The 
reaction coordinate itself is supposed to correlate with a lon­
gitudinal m etal-m etal vibration o f the EM. Because no ad-
Downloaded 03 Nov 2009 to 155.97.11.183. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
10054 J. Chem. Phys., Vol. 117, No. 22, 8 December 2002
TABLE VII. Rotational constants B and vibrational modes v  for Fe^ (all 
values in cm-1).
n B V ^T,1b vt;l
2 0.15 300
3 0.026 232 160 187
4 0.016 163 140 140
203 174
234











ditional criteria for its selection exist, the medium frequency 
o f the longitudinal branch is chosen as the reaction coordi­
nate. The other extreme is a loose TS LTS , which assumes 
a product-like transition structure. Compared to a TTS, a 
LTS possesses a higher number o f rovibrational states, this 
causing a more rapid dissociation. Therefore, the kinetic shift 
is smaller and the extracted threshold can be regarded as an 
upper limit. In this work, the LTS is assumed to be located at 
the centrifugal barrier, corresponding to a loose association 
o f the products. The transitional modes are treated as rotors, 
which constitutes a phase space lim it.47 The molecular con­
stants o f the LTS are equal to those determined for Fen 1S 
(IIa and C ID  and Fen_ 1S2 (IIa), respectively. Additionally, 
the polarizability of the neutral fragment must be known 
for specifying its ion-induced dipole-type interaction with 
the ionic fragment at the centrifugal barrier, Vpol 
=  -  a e 2/ 8 w e0r4, where e is the elementary charge, e 0 is the 
permittivity o f vacuum, and r  is the distance between the 
ionic and the neutral fragment.47
A realistic TS should lie between these two extremes. 
Accordingly, the arithmetic average of E 0(LTS) and 
E 0(TTS) is considered a reasonable estimate o f the energy 
threshold at 0  K. Conservatively, the whole difference 
E 0(TTS) — E 0(LTS) is assigned as the uncertainty associated 
with the choice o f the TS. As the cluster size increases, the 
kinetic shift and also the deviation between E 0(LTS) and 
E 0(TTS) grows. For n =  2, the kinetic shift is <0 .01  eV for 
both TSs and, thus, entirely negligible, whereas for Fe6  , the 
largest cluster studied, the difference E 0(TTS) E 0(LTS) in­
creases to 0.40 eV Table IV .
In order to probe the sensitivity o f the threshold with 
respect to the frequency estimations, the threshold analysis 
was repeated in every case after scaling the entire set o f 
frequencies by factors o f 0.5 and 2 for both the LTS and the 
TTS model. For all reactions analyzed, the resulting devia­
tions are approximately symmetric with respect to the thresh­
old for the unscaled frequencies and are 0.06 eV, an excep­
tion being the secondary sulfur transfer to Fe6 IIa where 
they amount to 0.08 eV. Hence, the threshold analysis ap-
Koszinowski et al.
TABLE VIII. Rotational constants B and vibrational modes for FenS all 
values in cm 1 .
n B VT.\ I>T2b
1 0.20 463
550c























cVibrational mode for neutral FeS.
pears not to be particularly sensitive to variations o f the m o­
lecular constants as a whole.
APPENDIX B: MOLECULAR PARAMETERS 
OF BARE IRON CLUSTERS Fe^
The vibrational modes for the Fe^ clusters, n =  3 - 6  
Table VII , are estimated according to the elastic model sug­
gested by Shvartsburg et al.60 A characteristic o f this ap­
proach is the formal assignment o f the vibrational modes to 
one longitudinal and two transverse branches. The following 
quantities o f bulk Fe are required as input: the Debye fre­
quency, D( )  2 9 2  cm  1, 67 the ratio o f phonon velocities 
in longitudinal and transverse direction, c L / c T=  1.822 as 
calculated from elastic constants determined at 4.2 K arith­
metic average o f the Hashin and Shtrikman model ,68 and the 
cutoff frequency for the longitudinal branch o f the phonon 
spectrum, L,max 305 cm 1 as derived from graphical 
analysis o f the phonon spectrum obtained by neutron scatter­
ing. Although phonon data recorded at low temperatures 
would be more appropriate for the present purpose, only data 
for room temperature appear to exist in the literature.69 The 
elastic model achieves better agreement with the experimen­
tally observed vibrational modes o f neutral Fe3 180, 200 
cm  1 Ref. 70 than DFT calculations.71 Rotational con­
stants of the clusters are estimated by calculating moments of 
inertia for the corresponding substructures o f the body- 
centered cubic crystal as detailed elsewhere.26 In all cases, 
the clusters are presumed to be spherical rotors. For Fe2 , 
however, the constants o f the neutral dimer Fe2 , ^=300  
cm -1  and a bond distance of 2 .0 2  A to calculate the rota­
tional constant,72 are used without further modification.
Downloaded 03 Nov 2009 to 155.97.11.183. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
J. Chem. Phys., Vol. 117, No. 22, 8 December 2002 Iron-sulfur clusters 10055
TABLE IX. Rotational constants B and vibrational modes for FenS^ (all 
values in cm 1 .
n B V vT,1b VT2
1 0.14 543 286 303
2 0.069 318 210 168
425 277
450











APPENDIX C: MOLECULAR PARAMETERS 
OF IRON-SULFUR CLUSTERS FenS + AND F e„S j
For FeS ,73 experimental values for the vibrational fre­
quency and the bond distance to calculate the rotational con­
stant are available, whereas for FeS2 , 74 Fe2S , and 
Fe2S2 , 13 these properties were taken from the results of 
quantum chemical calculations.
For larger iron-sulfur clusters, FenS and FenS 2 , the S  
atoms are assumed to adopt bridging positions. Such bridg­
ing geometries are observed in the complexes 
[Fe3(C O )9S ]2_ and Fe4(C O )11S2 (Ref. 63) and are also sup­
ported by the thermodynamic results o f this work. Hence, 
FenS+ and Fe^ + 1 (n =  3 - 6 )  are assumed to have similar 
structures. For the FenS clusters, three modes the median 
o f the longitudinal and both transverse branches o f the 
Fen 1 clusters are replaced by the three modes characteristic 
o f S bound to a metal surface. The symmetric stretching 
mode o f S attached to a N i surface is known as 359 cm 1,75 
which allows an estimate o f the frequency o f the vibration 
parallel to the surface as 320 cm -1  (on the basis o f the ratio 
observed for the different motions o f O attached to N i .76 
Scaling these frequencies by the ratio FeS /  NiS 0.84 
Ref. 77 yields frequencies o f 300 cm 1 for the longitudinal 
branch and 2 7 0  cm 1 for both of the transverse branches of 
iron-sulfur clusters FenS Table VIII . For the FenS2 clus­
ters, n =  2 - 4 ,  an analogous approach starting with the fre­
quencies estimated for FenS is made Table IX . The rota­
tional constants are calculated similarly to those o f bare 
clusters Fen , employing an averaged atom mass. In all 
cases, the clusters are presumed to be spherical rotors.
APPENDIX D: POLARIZABILITIES
The atomic polarizability o f Fe has been determined ex­
perimentally, a (F e)= 7 .5  A 3.78 On the basis o f several atomic 
metal and metal-sulfide polarizabilities, a (S )= 2 .9 0  A3, 
a(Zn) =  5.6 A 3,79 a(Z nS)=9.3  A 3,80 a (C d )=7.2  A 3,79 a(CdS) 
10.9 A 3,80 Hg 5.7 A 3,79 and HgS 9.4 A 3,80 3a 
simple linear correlation approach suggests FeS 11 A3. 
It was checked that varying the value for FeS only very 
weakly affects the threshold analysis.
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